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ABSTRACT

Cutaneous melanoma (CM) and pancreatic cancer are aggressive tumors whose incidences are rapidly increasing in the last
years. This review aims to provide a complete and update description about mutational landscape in CM and pancreatic cancer,
focusing on similarities of these two apparently so different tumors in terms of site, type of cell involved, and embryonic origin.
The familial forms of CM and pancreatic cancers are often characterized by a common mutated gene, namely CDKN2A. In fact,
a germline mutation in CDKN2A gene can be responsible for the development of the familial atypical multiple mole and mel-
anoma syndrome (FAMMM), which is characterized by melanomas and pancreatic cancer development. Sporadic melanoma
and pancreatic cancer showed different key-driven genes. The open-access resource cBioPortal has been explored to deepen and
investigate the common mutational landscape of these two tumors. We investigated the common mutated genes found in both
melanoma and pancreatic cancer with a frequency of at least 5% of tested patients and copy number alterations with a frequency
of at least of 3%. Data showed that 18 mutated genes and 3 copy number alterations are present in both melanoma and pancre-
atic cancers types. Since we found two patients that developed both melanoma and pancreatic cancer, we compared mutation
landscape between the two tumors and identified a pathogenic variant in BRCA2 gene. This review gives valuable insights into
the genetic underpinnings of melanoma and pancreatic cancer, urging the continued exploration and research of new genetic
biomarkers able to identify patients and families at high risk of developing both cancers and to address to screening and to an

effective clinical management of the patient.

1 | Introduction

It is now recognized that familial melanoma and pancreatic
cancer can be linked to inherited germline mutations in pre-
disposing genes. This review gives valuable insights into the
genetic underpinnings of melanoma and pancreatic cancer,

urging the continued exploration and research of new genetic
biomarkers able to identify patients and families at high risk
of developing both cancers and to address such patients to
screening programs for early identification of such cancers and
to an effective clinical management of the patient to paving
the way for possible future treatments based on gene-targeted
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Summary

« Familial melanoma and pancreatic cancer can be as-
sociated with an inheritance pattern of germline mu-
tations in predisposing genes.

« This study contributes valuable insights to identify
patients at high risk of developing both cancers and
to guide clinicians in performing appropriate genetic
testing and surveillance program.

therapies (Ribero et al. 2016; Aung et al. 2018). To deepen and
investigate the genetic landscape of these two cancers, an
open-access and open-source resource, namely cBioPortal for
Cancer Genomics, has been used to explore multidimensional
cancer genomics datasets.

2 | Germline Mutations in Cutaneous Melanoma
and Pancreatic cancer

Cutaneous melanoma (CM) is a malignant tumor that arises
from the transformation of pigment-producing cells known as
melanocytes. CM incidence has increased during the past sev-
eral decades and, although CM accounts for 3%-5% of all skin
cancers, it determines approximately 65% of all skin cancer
deaths (Gershenwald and Scolyer 2018). The etiology of CM has
been attributed mainly to environmental factors such as ultra-
violet (UV) exposure. Other risk factors include patient-related
parameters such as fair phototypes and multiple dysplastic nevi.
Genetic factors are less frequent; however, a family history of
CM poses the highest risk for the development of melanoma
(Dika, Broseghini, et al. 2021).

Around 7%-15% of CM cases occur in patients with a family
history of CM; however, this does not automatically indicate
that a single genetic mutation is being transmitted in those
kindreds. In fact, the majority of family history of melanoma
are due to sporadic cases related to shared UV exposures ex-
periences, geographic location, and susceptible skin types.
Only about 10% of patients with family history are classified
as hereditary melanoma. Patients with a genetic predisposi-
tion often showed early onset and multiple primary melano-
mas (MPM) (Ribeiro Moura Brasil Arnaut et al. 2021). MPM
refers to a patient that has developed at least two primary CMs
in its lifetime. The highest risk to develop another melanoma
is in the first year following the diagnosis of the primary mel-
anoma, but the risk remains increased for at least 20years
(Dika, Broseghini, et al. 2021; Dika, Patrizi, et al. 2021; Zocchi
et al. 2021; Lambertini et al. 2023).

Several genes have been identified as involved to melanoma
predisposition, some of them are still with unknown clini-
cal relevance (Ribeiro Moura Brasil Arnaut et al. 2021; Toussi
et al. 2020). The most frequent germline mutations responsible
for the development of melanoma are reported in Table 1.

More than 20% of familial CM cases are caused by a mu-
tation in a high-risk tumor predisposition gene, namely
cyclin-dependent kinase inhibitor 2A (CDKN2A). Germline

mutations in CDKN2A increase the risk of melanoma by 65-
fold. In addition, the germline mutations in CDKN2A are
present in 8%-15% of patients diagnosed with MPM without
familial history and up to 40% in patients with familial mela-
noma (Helgadottir et al. 2017). Interestingly, the probability to
found CDKN2A mutations is about 1% in sporadic melanoma
patients without personal and/or familial history of melanoma
(Harland et al. 2014).

Germline mutations in CDKN2A gene can be responsible for
the development of a syndrome characterized by multiple clin-
ically atypical nevi, melanomas and, in a subset of patients,
pancreatic cancer. This melanoma-related syndrome was first
described by Lynch and Krush (1968) as familial atypical mul-
tiple mole and melanoma syndrome (FAMMM) and, second,
by Clark Jr. et al. (1978) as B-K mole syndrome or dysplastic
nevus syndrome.

The connection between FAMMM and pancreatic cancer has
been widely studied (Goldstein et al. 2006). In FAMMM pa-
tients, there is an estimated risk to develop pancreatic cancer
13-22 times higher than the risk in the average population,
and the risk increases to more of 40-fold in CDKN2A-mutant
FAMMM patients (Lynch et al. 2008; de Snoo et al. 2008). In
melanoma prone families, pancreatic cancer was observed
in 28% of CDKN2A-mutant kindreds compared to only 6%
of CDKN2A-wild-type kindreds. Moreover, 74% of families
with pancreatic cancer harbored a CDKN2A mutation com-
pared to 33% of those families with only melanoma (Goldstein
et al. 2006). The penetrance for pancreatic cancer has been
estimated as 17% in CDKN2A mutation carriers by 75years of
age (Vasen et al. 2000).

Studies have shown the presence of the inactivate protein prod-
uct of CDKN2A gene, namely p'®™K44 in 95% of sporadic pan-
creatic cancers; however, germline CDKN2A mutations in these
cases are rare (Bartsch et al. 2002).

Pancreatic cancer is one of the most aggressive tumors and its
incidence and mortality are rapidly increasing. Only around
16% of patients have a resectable tumor at time of diagnosis.
Around 94% of pancreatic cases develop in the exocrine tissue
of the pancreas resulting in pancreatic ductal adenocarcinoma
(PDAC). Other pancreatic cancer malignancies are rarer, such
as (adeno)squamous carcinoma, colloid carcinoma, and neuro-
endocrine tumors (Klatte et al. 2022).

Pancreatic cancer is a multifactorial genetic disease. The general
population has an average lifetime risk of pancreatic cancer of
approximately 1.5%. Several high-risk factors have been identi-
fied, such as smoking, daily alcohol consumption, and obesity
(defined as BMI>30); and patients related nonmodifiable pa-
rameters such as older age, male gender, African-Americans
ethnicity, non-O blood group, diabetes, chronic pancreatitis, and
genetic mutations (Abe et al. 2021).

When the lifetime risk of pancreatic cancer is higher than 5%, in-
dividuals are considered high-risk individuals (HRI). Up to 10%
of pancreatic cancers cases arise in HRI, which can be stratified
as familial pancreatic cancer, namely patients with a strong fam-
ily history, or as hereditary cancer syndrome, namely patients
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that are carriers of a germline mutation (Klatte et al. 2022).
Pancreatic cancer is associated with both family and hereditary
cancer syndromes (Abe et al. 2021).

Familial pancreatic cancer indicates a family clustering of
pancreatic cancer with two or more first-degree relatives with
pancreatic cancer and without a known hereditary cancer syn-
drome. The risk to develop a pancreatic cancer increases with
the number of affected family members: from a 4.6-fold risk
with one first-degree relative to 32-fold risk with three first-
degree relatives (Klatte et al. 2022). There are known germline
pathogenic variants linked to hereditary pancreatic cancer,
which is closely related to other hereditary tumor syndromes
(Abe et al. 2021; Table 2).

Inaddition of the accurate described CDKN2A gene (Danishevich
et al. 2023; Pauley et al. 2022), there are other genes found in
literature that are associated with both melanoma and pancre-
atic cancers. Some genes responsible of tumor syndromes listed
in Table 2 were also found mutated in melanoma patients. For
example, a likely pathogenic mutation of the Peutz-Jeghers syn-
drome gene, namely STK11, were found in primary melanoma
(Rowan et al. 1999). STK11 can prevent melanoma cell invasion
through the activation of the signal transducer and activator
of STAT3/5 and FAK signaling pathways (Dzung et al. 2022;
Azin and Demehri 2022). Malignant melanoma has been re-
ported also in BRCA2-mutated families (Johansson et al. 2019).
Heterozygous and loss-of-function germline variants in ATM
gene have been also associated with an increased lifetime risk of
melanoma cancers (Borja et al. 2023).

3 | Somatic Alterations in Cutaneous Melanoma
and Pancreatic cancer

Despite family and hereditary cases, the majority of melanoma
and pancreatic cancer cases are attributable to randomly ac-
quired genetic mutations, which can contribute to cancer devel-
opment and metastasis progression. It is essential to identify the
somatic driver mutations in tumors, because they play a critical
role in early diagnosis, optimal management, precise prognosti-
cation and targeted therapy approaches.

In melanoma, several molecular factors, including non-coding
RNA and somatic mutations, have been associated with mel-
anoma pathogenesis (Ribero et al. 2023; Durante et al. 2022,
2021; Dika et al. 2020; Riefolo et al. 2019; Broseghini et al. 2021;
Naddeo et al. 2024). Moreover, several genes have been found
implicated in the activation of the MAPK pathway, affecting
cell proliferation, differentiation and survival, and in PI3K/
Akt pathway, affecting metabolism, proliferation, cell survival,
growth and angiogenesis (Dika, Patrizi, et al. 2020). A genomic
classification of melanoma is based on the presence or absence
of somatic alterations of three genes. Specifically, melanomas
can be classified into four genomic subtypes based on the pat-
tern of the most prevalent significantly mutated genes: mutant
BRAF, mutant RAS (N-, H-, K-), mutant NF1, and Triple-wild
type (Triple-WT). The Triple-WT group is enriched of KIT mu-
tations, focal amplifications, and complex structural rearrange-
ments. In addition, it lacks UV signature and manifests more
copy number changes (Cancer Genome Atlas Network 2015).

Other somatic mutations have been described in literature
(Ravaioli et al. 2019; Lambertini, Mussi, and Dika 2021;
Moscarella et al. 2019; Querzoli et al. 2023; Scarfi et al. 2020;
Starace et al. 2018); Table 3 reports the most significant somatic
driver mutations within the subtypes of primary melanoma,
namely nonacral CM, which includes superficial spreading mel-
anoma (SSM), nodular melanoma (NM), and lentigo maligna
melanoma (LMM); desmoplastic melanoma, acral lentiginous
melanoma (ALM), and mucosal melanoma.

About 90% of PDCA occur in sporadic forms and clinical hetero-
geneity is a hallmark of this disease (Morani et al. 2020; Pompella
et al. 2020). In addition, the genomic analysis has always been
very difficult, since PDAC often contains only 5%-20% of neo-
plastic cells and cancers with lower cellularity than 40% often
have been excluded (Waddell et al. 2015). Nevertheless, genomic
researches revealed four key driver genes that are characteristi-
cally found in most PDACs, namely KRAS, CDKN2A, TP53, and
SMAD4 (Morani et al. 2020; Pompella et al. 2020). Specifically,
PDACs present significantly recurrent mutations, namely gain-
of-function mutation in KRAS oncogene; loss-of-function mu-
tations in CDKN2A, TP53 and SMAD4 tumor suppressor genes
(Pompella et al. 2020).

Also, other chromosomal alterations have been described, and
specific genetic mutations are associated with characteristic
subtypes of PDACs and their precursors (Table 4). The precur-
sor of the majority of PDACs is pancreatic intraepithelial neo-
plasia (PanIN), while only a minority arises from pancreatic
cystic lesions, namely intraductal papillary mucinous neoplasms
(IPMNs) and mucinous cystic neoplasms (Pompella et al. 2020).
KRAS somatic mutations are frequently found also in low-grade
PanINs, while high-grade PanINs display CDKN2A and TP53
mutations, too. TP53 and SMAD4 inactivation seems to be the
final events of the molecular cascade that lead to the transfor-
mation in PDAC. IPMNs are characterized especially by muta-
tions in GNAS and KRAS. Similar to PanINs, TP53 and SMAD4
gene mutations could be seen as the latest molecular events to
the PCDA transformation (Pompella et al. 2020).

As reported, sporadic CM and sporadic pancreatic cancer seem
to be characterized by different key-driven genes. Interestingly,
genetic alterations in CDKN2A gene are frequently found in both
familial and sporadic pancreatic cancer (Tables 2 and 4) while in
melanoma, this gene is mostly associated with the familial form
(Table 1). These data suggested that the link between these two
tumors is mostly at germline mutation levels.

4 | Open-Access Cancer Genomics Analysis in
Melanoma and Pancreatic Cancer

To deepen and investigate the genetic landscape of these two
cancers, an open-access and open-source resource, namely cBio-
Portal for Cancer Genomics (https://genie.cbioportal.org), has
been used to explore multidimensional cancer genomics data-
sets. Specifically, the last AACR Project GENIE registry (GENIE
15.0-public, which was released in January 2024) has been used
and investigated. This registry is one of the largest fully pub-
lic cancer genomic datasets released to date, which includes
approximately 198,000 sequenced samples from more than
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| (Continued)

TABLE 4

Prevalence

Consequences

of mutations

Most frequent

due to
mutation

in pancreatic
adenocarcinoma

mutations-

Description—

References

Clinical phenotype

gene name Pathway Protein type alterations

Gene

Wood,
Yurgelun, and

Pancreatic Ductal 5%-15% o Regulation

Mutation/LOH

Axon guidance

Slit Guidance

SLIT2

of tumor
angiogenesis,

Adeno Carcinoma

Ligand 2

Goggins (2019);
Ding et al. (2020);
Secq et al. (2015)

cell invasion,
metastasis, and
nerve infiltration

Wood,
Yurgelun, and

Tumor
promotion

Pancreatic Ductal 10%-15%

Amplification

Nuclear
phosphoprotein

Transcriptional

Myelocytomatosis

MYC

Adeno Carcinoma

regulation

oncogene

Goggins (2019)

172,000 patients (https://www.aacr.org/professionals/research/
aacr-project-genie/aacr-project-genie-data/).

Among the 198,041 samples, we selected and analyzed (March
1, 2024) melanoma samples (melanoma n=4218, CM n=2193)
and pancreatic cancer samples (pancreatic adenocarcinoma
n=7261, pancreatic neuroendocrine tumor n =689, adenosqua-
mous carcinoma of the pancreas n=123). For both tumor types,
we collected mutated genes with a frequency>5% and copy
number alterations (CNA) with a frequency > 3%.

Formelanoma,253mutated geneswithafrequency > 5% werefound
and 169 of them were found in more than 1000 samples (Table S1).
Fifteen mutated genes are highly frequent (frequency>20%) in
melanomas and include the three genes used for genetic classi-
fication of melanoma, namely BRAF (frequency=38.4%), NRAS
(frequency=24.8%), and NF1 (frequency=21.8%). The other
genes are TERT (frequency=50.3%), LRP1B (frequency=34.7%),
PTPRT (frequency =29.4%), SPTA1 (frequency =25.0%), MECOM
(frequency=24.6%), GRIN2A (frequency=24.0%), PREX2
(frequency=24.0%), KMT2D (frequency=22.7%), PTPRD
(frequency=21.8%), GLI2 (frequency=20.3%), ROSI (fre-
quency =20.1%), and PAK5 (frequency =20.0%).

For pancreatic cancer, we found 27 mutated genes with a fre-
quency > 5% (Table S2). Among them, 12 have been profiled in
more than 1000 samples. The four most frequent mutations are
those confirmed in sporadic pancreatic cancer by literature,
namely KRAS (frequency=78.9%), TP53 (frequency=64.0%),
SMAD4 (frequency=18.2%) and CDKN2A (frequency=9.4%).
Other frequent mutations occur in already described ARIDIA
gene (frequency=8.3%) and RNF43 (frequency=>5.9%).
Interestingly, LRP1B (low-density lipoprotein receptor-related
protein 1B) gene has a frequency of 9.0%.

We compared the mutated genes in melanoma and pancre-
atic cancer, and we reported the 18 common mutated genes in
Table 5, where number of profiled samples and frequency of the
mutated gene are indicated in both tumors.

In addition to the thoroughly described CDKN2A, which has
been found in melanoma and pancreatic cancer with the same
frequency (9.4%) in AACR Project GENIE registry, data showed
other interestingly and relevant genes, since they were profiled
in many samples (more than 900 samples for both groups) and
found highly mutated.

First, there is TP53 that is one of the most frequently mutated
gene in cancer. The inactivation of the gene leads to the loss of the
tumor suppressor action of the protein and can show additional
oncogenic functions that give growth and survival advantages.
More than 60% of pancreatic cancer cases present at least one
mutation in these gene. These data are in agreement with the lit-
erature, where TP53 is described as one of the four most mutated
genes in sporadic pancreatic cancer (Cicenas et al. 2017; Wood,
Yurgelun, and Goggins 2019). In AACR Project GENIE regis-
try, 18.8% of melanomas showed at least a mutation in TP53. In
literature, it was observed that there is a higher prevalence of
mutant p53 in metastatic melanoma compared to primary tu-
mors (Khan et al. 2023; Ricci et al. 2020). Mutated TP53 is also
responsible for a mixed cancer syndrome, namely Li-Fraumeni
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syndrome, which leads to develop several different types of can-
cers, including melanoma (Toussi et al. 2020).

Another gene that is often mutated in several cancers is LRPIB,
specifically, this gene is frequently inactivated at both genetic
and epigenetic levels. LRP1B encodes for a cell surface receptor
and is broadly expressed in multiple normal tissues. LRPIB is
a member of LDLR protein family with a wide range of biolog-
ical functions from cargo transport to cell signaling (Principe
et al. 2021). Data from Genie registry showed that LRPIB is fre-
quently mutated in both melanoma samples (34.7%) and pancre-
atic cancer cases (9%). Inactivation of this gene was also reported
in melanoma (Nikolaev et al. 2011) and some single nucleotide
polymorphism have been significantly associated with pancreas
cancer risk in literature (Cotterchio et al. 2015).

27% of melanomas and 7% of pancreatic cancers in GENIE co-
hort showed mutation in KMT2D gene, also known as mixed-
lineage leukemia protein 4 (MLL4), which is one of the most
frequently mutated genes in human cancer. KMT2D is a highly
conserved catalytic component of the mammalian complex of
protein associated with Setl (COMPASS) complex, and is re-
sponsible for catalyzing H3K4mel at transcription enhancers
throughout the human genome (Lin-Shiao et al. 2018). KMT2D
mutant melanomas have been described in literature, where it
was found that KMT2D loss promotes tumorigenesis by facili-
tating an increased use of the glycolysis pathway (Murugesan
and Maitituoheti 2021). High mutation rates of KMT2D have
been reported also in pancreatic cancer (Froimchuk, Jang, and
Ge 2017). However, the prognostic role of KMT2D in pancreatic
cancers is ambiguous, with contrasting reported in different
studies (Sausen et al. 2015; Dawkins et al. 2016; Koutsioumpa
et al. 2019).

SPTAI gene encodes a cytoskeletal protein that affects cell and
tissue growth and development by regulating YAP, an effector
on the Hippo signaling pathway. This gene is mostly known as
associated with Hereditary spherocytosis. Mutations on this
gene were found in both pancreatic cancer, where it served as
independent prognostic factor (Kou et al. 2023) and melanoma
(Zhou et al. 2021). However, data about role of this gene in can-
cer are still poor, although they are frequently mutations in this
gene in GENIE cohort of melanoma (25%) and pancreatic cancer
(5.8%) samples.

Other four genes showed a frequency between 5% and 15% in a
large number of tested melanoma and pancreatic cancer sam-
ples, namely ARIDIA, PDE4DIP, PRKDC, and RANBP2.

ARIDI1A belongs to a class of chromatin regulatory proteins and
was found mutated in both melanoma cases (10.7%) and pan-
creatic cancer samples (8.3%) in AACR Project GENIE registry.
ARIDIA role in cancer is highly variable since its alterations
can have a tumor suppressive or oncogenic role, depending on
the tumor type and context. ARIDIA loss is generally associ-
ated with disease progression more often than onset (Fontana
et al. 2023). In melanoma, ARIDIA mutations are distributed
across the gene without clustering or hotspots, and ARIDIA-
mutated melanomas exhibit higher tumor mutational burden
(TMB) compared to ARID1A wild-type melanomas (Thielmann
et al. 2022). In pancreatic ductal adenocarcinoma, ARIDIA and

KRAS have been found as co-mutated, suggesting that the in-
activation of ARID1A may cooperate with KRAS in the early
stages of pancreatic cancer formation (Birnbaum et al. 2011).

PDE4DIP also known as myomegalin (MMGL) is a component
of AKAP-PKA-PDE4D signaling complex, which anchors the
sequestering components of the cAMP-dependent pathway to
Golgi and/or centrosomes. Somatic mutations in PDE4DIP gene
have been found in some cancers, including melanoma and
pancreatic cancer; however, PDE4DIP literature is still poor (Li
et al. 2023). In AACR Project GENIE registry, the frequency is
between 5% and 6% for both melanoma and pancreatic cancer.

PRKDC mutations have been detected in a high portion of mel-
anoma samples (14.5%) and in 5.5% of tested pancreatic can-
cers. This gene encodes a protein that plays an important role
in nonhomologous end joining (NHEJ) of DNA double-strand
breaks (DSBs) and is also closely related to the establishment of
central immune tolerance and the maintenance of chromosome
stability. There are emerging functions of this gene in the initia-
tion and progression of cancer. Interestingly, the silencing of the
PRKDC product by microRNAs sensitizes tumor cells to gemcit-
abine in pancreatic cancer cells (Hu et al. 2017) and cisplatin in
melanoma cells (Li et al. 2017), respectively.

The nucleoporin RANBP2 is a key component of the nuclear
pore complex that regulates the nucleocytoplasmic transport.
In GENIE cohort, this gene has been found mutated in 10.2%
of melanoma samples and in 5.4% pancreatic cancer samples.
Both tumor suppressor and oncogenic role have been described
for RANBP2 in cancer. A rare form of melanoma is the primary
malignant melanoma of the esophagus (PMME). In this tumor,
RANBP2 gene has been found recurrently mutated and is con-
sidered one of the driver mutated genes. Moreover, all RANBP2
mutations were putatively deleterious (Li et al. 2022).

Finally, other mutations have been found localized in several
genes in a smaller number of tested melanoma and pancre-
atic cancer samples (n <200), including ADGRL3, ANKRD24,
BODI1L1, CDH23, DNAHY9, KDM6B, LAMB4, PKD1L2, and
TGF-1. Literature about ADGRL3, ANKRD24, BODILI,
LAMB4, and PKD1L2 in melanoma and in pancreatic cancer is
still missing, while the other genes of this list have been already
studied in these two tumors.

Through high-throughput sequencing, CDH23 has been identi-
fied as a promising susceptibility gene in hereditary melanoma.
Evaluating its expression in sporadic melanoma by using the
TCGA dataset, CDH23 was found downregulated and its loss
was associated with worse survival (Campos et al. 2020). In pan-
creatic cancer, findings suggest that overexpression of CDH23
is likely to be related to the PDCA biological aggressiveness
(Taniuchi et al. 2005). DNAH9 product is involved in cell-to-cell
adhesion and markedly affects cancer cell invasion and migra-
tion. DNAH9 gene has been used in a support vector machine
signature, which can predict relapse and survival in patients
with early-stage pancreatic ductal adenocarcinoma (Huang
et al. 2023). KDM6B belongs to lysine demethylases (KDMs)
family that removes methyl groups on lysine (K) amino acids of
histones. The aberrant KDMs’ activity affects epigenetic modifi-
cations and is found in a variety of cancers, including pancreatic
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cancer and melanoma. In pancreatic cancer, loss of KDM6B
enhances aggressiveness of pancreatic cancer (Yamamoto
et al. 2014). In melanoma, KDM®6B activity leads to upregulation
of various targets of both NF-xB and BMP that results in pro-
motion of cell migration and metastasis development (Karami
Fath et al. 2022). In addition, KDM6B expression has been found
as positive associated with immune infiltration level of Treg in
both pancreatic cancer and melanoma (Ding et al. 2022). TGF-f1
plays a complex role in carcinogenesis, including in melanoma.
In fact, increased circulating TGF-£1 is associated with impair-
ment in NX cell effector functions in metastatic melanoma pa-
tients (Mirjacic Martinovic et al. 2022). In pancreatic cancer,
TGF-f1 promotes autophagy that promoted proliferation and in-
hibited migration in SMAD4-positive PDAC cells by decreasing
the nuclear translocation of SMADA4, while it inhibited prolifer-
ation and promoted migration in SMAD4-negative cells through
the regulation of MAPK/ERK activation (Liang et al. 2020).

To further investigate genes involved in the pathogenesis of mel-
anoma and pancreatic cancer, we searched for patients who had
both cancers in AACR Project GENIE registry. We found two
patients: the first patient with the ID code GENIE-DFCI-202272
(https://genie.cbioportal.org/patient/summary?studyld=genie_
public&caseld=GENIE-DFCI-202272) develops a primary pan-
creatic adenocarcinoma (GENIE-DFCI-202272-2710284) and
melanoma metastasis (GENIE-DFCI-202272-4192215), while
the second patient with ID code GENIE-DFCI-089908 (https://
genie.cbioportal.org/patient/summary?studyld=genie_public&
caseld=GENIE-DFCI-089908) develops a primary melanoma
(GENIE-DFCI-089908-282415) and presents a metastasis form
pancreatic adenocarcinoma (GENIE-DFCI-089908-2970125). In
both patients, we focused and reported mutated genes present
in both tumors (Table 6), because there might be some germline
mutations that could predispose to melanoma and pancreatic
cancer development.

In patient GENIE-DFCI-202272 (male), both tumors present a
frameshift deletion in BRCA2 gene, namely BRCA2 K1057T{s*8,
which is a truncating mutation in a tumor suppressor gene, and
therefore is likely oncogenic. Standards and guidelines for the in-
terpretation of sequence variants have been published and they
recommend the use of specific standard terminology “patho-
genic,” “likely pathogenic,” “uncertain significance,” “likely be-
nign,” and “benign” to describe variants identified in genes that
cause Mendelian disorders (Richards et al. 2015). Moreover, in
ClinVar, which is a freely accessible public archive about relation-
ships among variation and human health, this mutation has been
described as a pathogenic germline mutation. Specifically, this
variation has been associated with breast cancer (Breast Cancer
Association Consortium et al. 2021; Darst et al. 2021). BRCA2, a
tumor suppressor involved in the DNA damage response, is mu-
tated in various cancer types (Andreassen et al. 2021). Germline
mutations of BRCA2 predispose individuals to a high risk of
breast and ovarian cancer, and elevated risk of other cancers, in-
cluding those of the pancreas (Nelson et al. 2013; van Asperen
et al. 2005) and melanoma (Johansson et al. 2019). Except for
BRCAZ2 mutation, the biological significance of all the other mu-
tations is still unknown or with an unclear role.

Both patients present mutation in NOTCH family member,
namely NOTCHI and NOTCH3. For the mutation in NOTCH1

gene, there are conflicting interpretations of pathogenic-
ity, while for NOTCH3, the mutation seems to be benign or
likely benign. NOTCHI is a transmembrane receptor and
transcription factor, and can function as both an oncogene
and tumor suppressor. In melanoma, NOTCH1 promotes
melanoma growth, progression (Liu et al. 2006) and angio-
genesis (Murtas et al. 2015), while in pancreatic cancer,
NOTCHI seems to act as tumor suppressor gene, in fact, the
loss of NOTCHI resulted in increased tumor incidence and
progression (Hanlon et al. 2010). NOTCH3 encodes a Type I
transmembrane protein of the NOTCH family, and missense
and nonsense mutations in NOTCH3 have been identified in
various cancers. In melanoma, NOTCH3 activity is associated
with enhanced melanoma cell migration, while in pancreatic
cancer, high expression of NOTCH3 is correlated with tumor
grade, metastasis, high invasion and poor overall survival
rates (Zhou et al. 2016).

PDGFRA, a receptor tyrosine kinase, is altered by mutation,
chromosomal rearrangement, or amplification in a diverse
range of cancers. Functional mutations of PDGFRA have been
described as activator of MAPK and PI3K/AKT pathway in mel-
anoma (Dai et al. 2020), while in pancreatic cancer, PDGFRA
is able to predict immune infiltration and survival outcomes,
specifically, high PDGFRA expression is associated with in-
creased immune infiltration and prolonged overall survival (Wu
et al. 2022). In the analyzed patient, the mutation has conflict-
ing interpretations of pathogenicity.

Mutations in ASXL1 and RIFI gene in patient GENIE-
DFCI-202272 (male) have been not yet described and found in
ClinVar. ASXL1 is a tumor suppressor and epigenetic regulator
that affects chromatin remodeling. ASXLI is inactivated by mu-
tation in various cancer types, most frequently in myeloid ma-
lignancies. However, ASXLI results to be highly expressed in
metastatic melanoma compared to primary melanoma and as-
sociated with poor overall survival in melanoma patients (Chen
et al. 2019). In a study of familial pancreatic cancer patients, two
possibly deleterious germline variants have been detected in
ASXLI gene (Kasuga et al. 2022). RIF1I is one of the DNA dam-
age repair (DDR) genes, and it has been reported to play signif-
icant roles in the DNA damage response and replication timing
regulation. In pancreatic cancer, mutations in this gene have
been reported (Stoof et al. 2021), while in melanoma, this gene
has been not yet described.

From the same family of DNA damage repair genes, there is
FANCA gene. FANCA is a tumor suppressor and DNA repair
protein. Germline mutations of FANCA have been associated
with the cancer predisposition syndrome Fanconi Anemia.
Genetic variants in Fanconi anemia pathway genes, namely
BRCA2 and FANCA, could predict melanoma survival (Yin
et al. 2015). FANCA has been also examined as a candidate sus-
ceptibility gene for familial pancreatic cancer, but the 12 ana-
lyzed germline FANCA gene mutations found in 44 patients with
familial pancreatic cancer did not contribute to familial pancre-
atic cancer susceptibility (Rogers et al. 2004). Mutation found in
GENIE-DFCI-089908 patient has conflicting interpretations of
pathogenicity. Another gene linked to Fanconi anemia pathway
is FAAP100 gene. FAAPI00 seems to be essential for activation of
the Fanconi anemia-associated DNA damage response pathway
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(Ling et al. 2007). The mutation found in GENIE-DFCI-089908
patient has never been described in ClinVar and literature about
this gene in melanoma and pancreatic cancer is missing.

GENIE-DFCI-089908 patient showed other two variations
in two genes with uncertain significance, namely in SBDS,
PRKARIA genes. It was suggesting a role of SBDS in the patho-
genesis of, or response to, inflammatory and neoplastic pancre-
atic diseases, including pancreatic cancer (Kayed et al. 2008).
PRKARIA encodes for a regulatory subunit of protein kinase A
and its mutations are associated with Carney complex syndrome
and adrenocortical tumors. Carney complex (CNC) is a rare dis-
ease associated with multiple neoplasias, including a predispo-
sition to pancreatic tumors; it is caused most frequently by the
inactivation of the PRKARIA gene (Saloustros et al. 2017). In
addition, the protein product of PRKAR1A gene can be used as a
marker for the identification of specific histological subtypes of
cutaneous nevi and CM (Ricci et al. 2022).

Although mutations are known as the most commonly genetic
modifications able to cause cancer, genomic alterations such as
copy number alterations (CNA), also known as copy number
variation (CNV), are also playing an emergent role. CNA refer to
a phenomenon in which segments of the genome are repeated or
deleted, with varying numbers of these repeats among different
individuals' genomes.

For this reason, in addition to mutated gene, we investigate and
compared genes affected by copy number alteration with a fre-
quency of at least 3% in both melanoma and pancreatic cancer
(Table 7).

In melanoma samples, we found 11 CNA, while in pancreatic
cancer, we detected five CNA. The three common CNA in both
melanoma and pancreatic cancer are CDKN2A, CDKN2B, and
MTAP, which are homozygous deleted and located in the same
locus, namely 9p21. Chr9p22.1-21.3 locus deletions have already
been related to the development of several types of cancer, es-
pecially due to the presence of CDKN2A and CDKN2B genes
(Goncalves, Reis, and Bidinotto 2022). CDKN2B is considered a
tumor suppressor and encodes a cyclin-dependent kinase inhib-
itor that regulates cell growth and the cell cycle G1 progression
by preventing the activation of cyclin-D-dependent kinases. In
various tumors, CDKN2B has been found to be frequently co-
deleted with the neighboring tumor suppressor gene CDKN2A.
CDKNZ2B deletion has been reported in a significantly high pro-
portion in pancreatic cancer (Oketch, Giulietti, and Piva 2023)
and in melanoma (McNeal et al. 2015). In addition of CDKN2A
and CDKNZ2B, there are several other genes in the region with
potential importance in tumorigenesis, such as MTAP, which re-
sults to be homozygous deleted. In melanoma, the loss of MTAP
was shown to have an effect on tumor invasion and metastasis.
In addition, the loss of MTAP results in an inhibition of STAT
signaling pathways regulated by interferon, which to ineffec-
tiveness of interferon therapy (Wild et al. 2007). In pancreatic
cancer, it has been observed that MTAP deficiency drives tumor
progression by inducing metabolic reprogramming, provid-
ing a novel target and therapeutic strategy for treating MTAP-
deficient disease (Hu et al. 2021).

5 | Conclusion

To date, it is known that familial melanoma and pancreatic
cancer can be associated with an inheritance pattern of germ-
line mutations in predisposing genes. This study contributes
valuable insights into the genetic underpinnings of melanoma
and pancreatic cancer, urging the continued exploration and
research of new genetic biomarkers able to identify patients at
high risk of developing both cancers. Understanding associa-
tion between cancer risk and gene mutations is of great help for
clinicians involved in cancer screening: It can guide the clini-
cian in performing appropriate genetic testing and surveillance
in these families. Mutations in the CDKN2A gene present the
most prevalent genetic cause of increased susceptibility to the
development of both melanoma and pancreatic cancer. Other
genes found in literature and in open-access resources have
been described; however, their role driving or predisposing both
tumors still need to be investigated. A larger sample of patients
and families with both melanoma and pancreatic cancer needs
to be studied in order to find new candidates predisposing to the
occurrence of these cancers.

All members of families with combined occurrence of pancreatic
cancer and melanoma should be counseled and offered screen-
ing for CDKN2A mutations to identify high-risk family mem-
bers who should be enrolled in a clinical screening program. In
future, the identification of individuals with a pathogenic gene
variant in CDKN2A gene or in other genes will hold significance
for screening at-risk relatives and devising an effective clinical
strategy for the patient.
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